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Abstract
Backgrond: In the mosquito Aedes aegypti the insulin/insulin growth factor I signaling (IIS) cascade
is a key regulator of many physiological processes, including reproduction. Two important
reproductive events, steroidogenesis in the ovary and yolk synthesis in the fat body, are regulated
by the IIS cascade in mosquitoes. The signaling molecule phosphatase and tensin homolog (PTEN)
is a key inhibitor of the IIS cascade that helps modulate the activity of the IIS cascade. In Ae. aegypti,
six unique splice variants of AaegPTEN were previously identified, but the role of these splice
variants, particularly AaegPTEN3 and 6, were unknown.
Results: Knockdown of AaegPTEN or its specific splice variant AaegPTEN6 (the splice variant
thought to regulate reproduction in the ovary and fat body) using RNAi led to a 15–63% increase
in egg production with no adverse effects on egg viability during the first reproductive cycle.
Knockdown of AaegPTEN3, expressed predominantly in the head, had no effect on reproduction.
We also characterized the protein expression patterns of these two splice variants during
development and in various tissues during a reproductive cycle.
Conclusion:  Previous studies in a range of organisms, including Drosophila melanogaster and
Caenorhabditis elegans, have demonstrated that disruption of the IIS cascade leads to decreased
reproduction or sterility. In this study we demonstrate that knockdown of the IIS inhibitor PTEN
can actually increase reproduction in the mosquito, at least during the first reproductive cycle.
Background
Mosquito-borne diseases such as dengue, malaria and
lymphatic filariasis are an increasing global health prob-
lem. Dengue, along with dengue hemorrhagic fever
(DHF), is transmitted by the mosquito Aedes aegypti and is
becoming an increasing threat in more than one hundred
countries [1]. A better understanding of the mosquito's
reproductive physiology could lead to novel control strat-
egies that could complement or replace current methods
of control. It has been theorized that increased reproduc-
tive effort results in a trade-off with lifespan. Such a trade-
off is supported by studies conducted on a wide range of
organisms, including birds, mammals, fruit flies and
roundworms [2-4]. However, recent studies also indicate
that lifespan and reproduction can be uncoupled [5]. The
insulin/insulin growth factor I signaling (IIS) cascade lies
at the heart of this interplay between reproduction and
lifespan in eukaryotic organisms [6-8]. Studies in
Caenorhabditis elegans and Drosophila melanogaster show
that gene mutations in signaling molecules within the IIS
Published: 20 August 2009
BMC Physiology 2009, 9:15 doi:10.1186/1472-6793-9-15
Received: 15 July 2009
Accepted: 20 August 2009
This article is available from: http://www.biomedcentral.com/1472-6793/9/15
© 2009 Arik et al; licensee BioMed Central Ltd. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.BMC Physiology 2009, 9:15 http://www.biomedcentral.com/1472-6793/9/15
Page 2 of 11
(page number not for citation purposes)
cascade affect lifespan and reproduction [9-12]. A well
conserved IIS cascade has also been identified in mosqui-
toes and, as in other organisms, it plays an important role
in regulating lifespan and reproduction [8,13,14]. In the
yellow fever mosquito, Aedes aegypti, the IIS cascade con-
trols the production of ecdysteroids in the follicle cells
surrounding the ovary [8]. These ovarian ecdysteroids reg-
ulate yolk production in the fat body and egg develop-
ment. The IIS cascade has also been implicated in the
process of vitellogenesis itself, where insulin signaling is
one of the components regulating the gene expression of
yolk protein precursor (YPP) [15].
A key negative regulator of IIS cascade is phosphatase and
tensin homolog (PTEN) that resets the cascade to its rest-
ing state [16]. Being an inhibitor of the IIS cascade, PTEN
is an important candidate for controlling reproduction
and lifespan at the molecular level. Originally identified
as a tumor suppressor, PTEN was later found to down reg-
ulate the IIS by acting as a direct antagonist of phosphoi-
nositide 3-kinase (PI3K) [17]. PTEN antagonizes PI3K by
hydrolyzing the PI 3-phosphates at the membrane, nega-
tively regulating the insulin signaling pathway and its var-
ious downstream events. In mammals, PTEN has been
shown to control ovarian follicle activation and hence
reproduction [18]. In mice, PTEN is expressed in a cell
specific manner in the ovary. Mutant mice with sup-
pressed PTEN are fertile, ovulate more oocytes and pro-
duce moderately more pups than control mice [19]. The
Drosophila orthologue of PTEN, dPTEN, reduces the sizes
of follicle cells following an increase in cell size due to
high dAktmyr expression [20].
Multiple splice variants of PTEN have been identified in
various organisms. In humans, differential expression of
three PTEN splice variants has been predicted to influence
different phenotypes [21]. Three splice variants of the Dro-
sophila orthologue of PTEN (dPTEN) have been identified
and all three are expressed throughout development as
active phosphatases [22]. In Ae. aegypti, six splice variants
of AaegPTEN were identified [23]. These splice variants
appear to be unique to mosquitoes and were shown to be
differentially expressed during mosquito development
and in adult tissues [23]. Three of these splice variants,
AaegPTEN1, 4 and 5, arise through intron retention,
resulting in the early termination of translation. These
splice variants are expressed at low levels in all tissues and
are likely to be quickly degraded since they lack the C-ter-
minal regulatory sites. The other three splice variants,
AaegPTEN2, 3 and 6 arise from alternative splicing of the
terminal exon, which results in the expression of full
length, bioactive proteins. AaegPTEN6 is the only splice
variant with a PDZ binding motif. AaegPTEN2, 3 and 6
splice variants have unique expression patterns.
AaegPTEN2 transcript is only expressed in the ovaries at
very low levels. AaegPTEN3 transcript is expressed pre-
dominantly in the head and to a lesser extent the midgut,
two key tissues involved in lifespan regulation in D. mela-
nogaster and C. elegans [24-26]. AaegPTEN6 transcript is
expressed predominantly in the fat body and ovary, key
reproductive tissues in insects [15,23]. The possibility that
a single splice variant (PTEN6) is involved in regulating
both ovarian ecdysteroids production and yolk produc-
tion in the fat body has been proposed [23].
The aim of this study was to determine if we could manip-
ulate mosquito reproduction by manipulating the IIS cas-
cade. Towards this goal we examined two splice variants
of AaegPTEN (3 and 6) in the mosquito Aedes aegypti and
the role they play in mosquito reproduction. These two
variants were selected because they encode full length
phosphatases that are highly expressed in a range of tis-
sues. We determined the protein expression patterns of
AaegPTEN3 and 6 at different stages of development and
in different adult tissues. We explored the dynamics of
AaegPTEN3 protein expression in the head and
AaegPTEN6 in fat body, midgut and ovaries during a
reproductive cycle and post oviposition. Most impor-
tantly, we knocked down expression of the AaegPTEN
splice variants and demonstrated a significant increase in
egg production with the AaegPTEN6 splice variant knock-
down.
Results
Protein expression pattern of AaegPTEN3 and 6 in distinct 
tissues
The transcript expression patterns of all six AaegPTEN
splice variants have been previously characterized [23]. In
this study it was shown that AaegPTEN6 was predomi-
nantly expressed in reproductive tissue (ie the ovary and
fat body) and to a lesser extent in the thorax and midgut.
In contrast, AaegPTEN3 was abundantly expressed in the
head, and to a lesser extent the midgut. To examine pro-
tein expression patterns of AaegPTEN3 and 6 and com-
pare them with the transcript expression data, we
generated peptide-based polyclonal antibodies against
the C-terminus of AaegPTEN3 and 6. The specificity of
AaegPTEN3 and 6 specific antibodies was confirmed
using AaegPTEN3 and 6 recombinant proteins. Both anti-
bodies recognized the appropriate AaegPTEN recom-
binant protein with no cross reactivity (Figure 1a). This
was particularly important for the AaegPTEN6 antibody
which was generated against a peptide that shared four
amino acids with all six splice variants. Next, we examined
the protein expression of the two AaegPTEN splice vari-
ants on various mosquito tissues including heads, thorax,
fat bodies, midguts and ovaries. AaegPTEN3 was strongly
expressed in the head, but either absent or very weakly
expressed in the other tissues (Figure 1b). This is consist-
ent with transcript expression patterns where AaegPTEN3BMC Physiology 2009, 9:15 http://www.biomedcentral.com/1472-6793/9/15
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was abundantly expressed in the head [23]. The
AaegPTEN6 protein was expressed in all tissues examined,
including the midgut (Figure 1b) in fairly equal amounts.
This is in contrast with the transcript expression pattern of
AaegPTEN6 where expression in the midgut is low and
other tissues, such as the ovary and fat body, have moder-
ate to high levels of expression [23].
During development, AaegPTEN6 had distinct protein
expression patterns (Figure 1c). It was expressed in early
embryos, pupae and adults. However, it was found at very
low levels in developmentally arrested eggs (>48 h post-
oviposition) and not found at all during larval stages. The
high level of expression in early embryos is consistent
with its strong transcript expression. Interestingly,
AaegPTEN6 transcript is found at low levels in all the
developmental stages even during the larval stages when
we couldn't detect the protein.
Protein expression pattern of AaegPTEN 6 during a 
reproductive cycle
The possibility of AaegPTEN6 being a key regulator of
reproduction was indicated by the prominent expression
of AaegPTEN6 transcript in two key reproductive tissues,
the fat body and ovary. Before exploring this possibility
we characterized the AaegPTEN6 protein expression
dynamics throughout the mosquito's reproductive cycle
in four key tissues: ovaries, fat bodies, heads and midguts.
In ovaries, AaegPTEN6 protein was abundantly expressed
during the first 12 h of the reproductive cycle and was
absent in the ovaries from 24 hr post-bloodfeeding until
oviposition (Figure 2a). After oviposition (72 h) the
AaegPTEN6 protein reappeared in the ovaries. This pat-
tern is similar to the expression dynamics of other insulin
signaling components in the ovary e.g. Aaegp110 [27] and
the mosquito insulin receptor [13]. In the fat body, head
and midgut, AaegPTEN6 was expressed evenly throughout
the reproductive cycle (Figure 2b). AaegPTEN3 protein in
the head was also evenly expressed throughout the repro-
ductive cycle, the very low expression at 6 and 48 h is due
to a loading error (Figure 2b).
Effects of RNAi-mediated knockdown on egg production 
and egg viability
The effects of AaegPTEN and its splice variants on the
reproductive success of female mosquitoes were examined
using RNA interference. Double stranded RNA (dsRNA)
was generated that specifically targeted the AaegPTEN3
and 6 splice variants. In addition, a "universal" AaegPTEN
dsRNA was generated that targeted all six splice variants
(Figure 3). Adult female mosquitoes (12–24 h post
eclosion) were injected with 2 μg of dsRNA against
AaegPTEN, its splice variants or a non-specific control
dsRNA against the red fluorescent protein from Discosoma
(DsRed). Survivorship of mosquitoes injected with
dsRNA was >95% in all treatment groups and comparable
to uninjected mosquitoes (data not shown).
In the abdomen/fat body, we achieved 90% and 98%
knockdown of AaegPTEN6 transcript with AaegPTEN and
AaegPTEN6 dsRNA injections respectively (Figure 4A).
This was significantly less than the DsRed (AaegPTEN vs.
DsRed p = 0.02; AaegPTEN6 vs. DsRed p = 0.002) or
AaegPTEN3 (AaegPTEN vs. AaegPTEN3 p = 0.014;
AaegPTEN6 vs. AaegPTEN3 p = 0.002) controls. In the
ovaries, we achieved a 51% and 99% knockdown of
AaegPTEN6 transcript after injections with AaegPTEN and
AaegPTEN6 dsRNA respectively (Figure 4B). Due to our
small sample size (three qRT-PCR experiments; ten
pooled ovaries/experiment; samples run in duplicate)
these results were not significant (p = 0.081), however the
Protein expression of AaegPTEN3 & 6 in female tissues Figure 1
Protein expression of AaegPTEN3 & 6 in female tis-
sues: AaegPTEN3 and 6 expression in various female tissues 
was detected using immunoblot analysis. Tissues from 3–5 
day old female mosquitoes were dissected in 10× protease 
inhibitor (PI) buffer, size fractioned on 12% SDS-PAGE gels, 
transferred to PVDF membrane and probed with anti-
AaegPTEN3 or 6 antibodies. A. AaegPTEN3 and 6 recom-
binant proteins were immunoblotted and each were probed 
with the AaegPTEN3 or 6 antibodies. Both the AaegPTEN3 
and 6 antibodies were specific to the appropriate recom-
binant protein and did not recognize the other splice variant. 
B. AaegPTEN6 was detected in all tissues from adult females 
examined, including non-bloodfed heads (HD), thoraxes 
(TH), fat bodies (FB), midguts (MG) and ovaries (OV). 
AaegPTEN3 could only be detected in the head. C. 
AaegPTEN6 was expressed in early embryos, pupae and 
adults. However, it was found at very low levels in diapausing 
eggs and not at all during larval stages.BMC Physiology 2009, 9:15 http://www.biomedcentral.com/1472-6793/9/15
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trend was consistent with the fat body results. At both 24
and 48 h post bloodmeal, the ovaries of females injected
with universal AaegPTEN dsRNA had the same number of,
but more developed follicles (Figure 5) compared to the
DsRed controls (p = 0.0028).
Female mosquitoes injected with dsRNA specifically tar-
geting the AaegPTEN6 splice variant laid an average of
51% more eggs than the DsRed control females (p =
0.045). Female mosquitoes injected with the universal
AaegPTEN dsRNA also laid an average of 31% more eggs
than control mosquitoes injected with DsRed dsRNA (Fig-
ure 6a; p = 0.06). The number of eggs laid by the mosqui-
toes injected with AaegPTEN and AaegPTEN6 did not
differ significantly (p = 0.79). Egg viability was measured
by hatching the eggs oviposited by each individual dsRNA
injected female, counting the 2nd instar larvae, and com-
paring that to the total number of eggs laid. The percent-
age of hatched larvae from the eggs laid by the AaegPTEN
and AaegPTEN6 injected females was greater than DsRed
dsRNA injected females, but did not differ significantly (p
= 0.09). Importantly, this demonstrates that there was no
decrease in egg fitness from mosquitoes producing artifi-
cially high numbers of eggs. The data from replicate trials
are detailed in Figure 6c. Thus, knockdown of both
AaegPTEN and AaegPTEN6 impacted the reproductive
success of females by increasing egg production, while the
viability of these eggs was unchanged or even increased
slightly.
Since AaegPTEN3 protein was predominantly expressed
in the head, we hypothesized that knockdown of
AaegPTEN3 would have little or no effect on egg produc-
tion or viability. To examine this hypothesis, dsRNA
against the unique 3' terminus of AaegPTEN3 was injected
in newly eclosed females under the same conditions as
described above. In heads, we achieved a 24 and 40%
knockdown of AaegPTEN3 transcript and in the midgut,
we achieved a 61 and 67% knockdown after injections
with AaegPTEN and AaegPTEN3 dsRNA injections. How-
ever, due to small sample sizes this decrease did not differ
significantly (data not shown). We found no significant
difference in the number or viability of eggs laid by
females injected with AaegPTEN3 dsRNA compared to
eggs laid by DsRed control females. However, this may be
due to insufficient knockdown of the AaegPTEN3 tran-
script.
Discussion
Egg production in the mosquito is a carefully orchestrated
series of hormonal and cell signaling events and is regu-
lated by two major physiological processes; steroidogene-
sis in the ovaries and vitellogenesis in the fat body. One of
the key signaling cascades regulating both steroidogenesis
and vitellogenesis is the IIS cascade. PTEN, being an
inhibitor of this cascade, is thus an important regulator of
egg production at the molecular level. RNAi-mediated
knockdown of AaegPTEN and more specifically the
AaegPTEN6 splice variant significantly increased the
reproductive success of female mosquitoes during their
first reproductive cycle. There are at least two mechanisms
by which knockdown of PTEN expression could increase
reproductive output. The most likely method is that
increased IIS signaling results in increased ecdysteroid
production in the ovary, increased yolk protein produc-
tion in the fat body, or both. It has been demonstrated
that insulin stimulates ecdysteroid production by the ova-
ries of Ae. aegypti that is regulated by the PI-3K/Akt path-
Protein expression of AaegPTEN6 in female tissues during a  reproductive cycle Figure 2
Protein expression of AaegPTEN6 in female tissues 
during a reproductive cycle: To assess the protein 
expression pattern during reproduction, tissue samples from 
fully engorged females were collected at various time points 
(0 (non-fed), 3, 6, 12, 24, 36, 48, and 72 hr (post oviposi-
tion)). Tissues from 10–15 females were dissected into 10× 
PI buffer, size fractioned on 12% SDS-PAGE gels, transferred 
to PVDF membrane and probed with anti-AaegPTEN 6 anti-
body. A. AaegPTEN6 was expressed at constant levels 
throughout the reproductive cycle in heads (HD), midguts 
(MG) and fat bodies (FB). However, in the ovaries (OV), 
AaegPTEN6 was strongly expressed prior to and during the 
first 12 h post-bloodmeal. It could not be detected 24 to 36 h 
after the bloodmeal, but was again detected at 72 h post-
bloodmeal, following oviposition. B. AaegPTEN3 protein in 
the head was evenly expressed throughout the reproductive 
cycle. Low expression at 6 and 48 h is due to loading errors 
as determined by GAPDH expression (not shown).BMC Physiology 2009, 9:15 http://www.biomedcentral.com/1472-6793/9/15
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way [8]. Increased IIS signaling in the ovary could lead to
the secretion of additional 20-hydroxyecdysone, which in
turn signals vitellogenesis in the fat body [28]. Alterna-
tively, increased insulin signaling in the fat body may
directly impact vitellogenesis. It was demonstrated that
insulin, in addition to 20-HE, was required for full expres-
sion of vitellogenin in the fat body [15]. Since we
observed efficient knockdown of AaegPTEN6 in both the
fat body (98%) and the ovary (99%) it is possible that
both of these physiological processes played a role in the
increased egg production and viability that we observed.
A second possibility is that increased insulin signaling
impairs the mosquitoes' ability to resorb eggs that are par-
tially developed. Between 20 – 25 h post bloodmeal, a
majority of follicles have some yolk deposits. Follicles that
are insufficiently developed at that time get degraded and
resorbed. In our study, ovaries dissected 24 h post blood-
meal from mosquitoes previously injected with
AaegPTEN dsRNA had more developed follicles, which
could be a result of over stimulation of vitellogenesis in
the fat body. Increased production of vitellogenin might
cause faster deposition of yolk in the follicles and hence,
prevent them from degrading. A considerable percentage
of vitellogenic follicles also get resorbed between 25–30 h
post bloodmeal. However, ovary dissections at 48 h post
bloodmeal showed a greater number of more developed
follicles suggesting that fewer of the vitellogenic follicles
were being resorbed.
A third possibility is that knockdown of AaegPTEN and
increased insulin signaling impact the number of poten-
tial follicles in each ovary. In Ae. aegypti there is an average
of 50 – 60 follicles in each ovary, although this number
varies greatly [29]. This means that on average a maxi-
mum of 100 – 120 eggs can be produced in a single repro-
ductive cycle. Our dsRNA injections were performed
shortly after adult emergence when the ovaries are still
being developed and prepared for reproduction. Insulin
signaling has been shown to play an important role in
growth, including body size, cell size and cell number
[30]. Thus, it is possible that mosquitoes with AaegPTEN
knockdown may have unchecked ovary growth and an
increase in the number of ovarioles. We are currently
exploring this possibility.
Egg viability after dsRNA injections was examined by
measuring the percentage of larvae hatched. Since females
have limited resources, we suspected that we might
observe a decrease in egg viability due to a compromise in
resource allocation towards individual egg provisions.
Surprisingly, eggs laid by AaegPTEN and AaegPTEN6
dsRNA injected females were not only higher in number,
but also had similar or even slightly increased rates of lar-
val hatching compared to DsRed controls. The increased
egg production and viability could be a factor of resource
allocation favored towards reproduction by the female
mosquitoes. After a bloodmeal, mosquitoes can accumu-
late energy reserves (lipids and glycogen) for survival and
flight [31,32]. In mosquitoes with increased insulin sign-
aling more of the bloodmeal resources may be devoted to
egg production instead of energy reserves. Mosquitoes
also partition and allocate the blood meal proteins
between reproduction and energy storage, which can be
impacted by factors such as larval nutrition [33], adult
nutrition [34] and gonotrophic cycles [35]. For our exper-
Generation of dsRNA constructs against AaegPTEN and two key splice variants Figure 3
Generation of dsRNA constructs against AaegPTEN and two key splice variants: Three dsRNA constructs were 
synthesized against AaegPTEN. Universal AaegPTEN dsRNA was generated against the identical PTEN region and was capable 
of knocking down all AaegPTEN splice variants. The AaegPTEN3 dsRNA was generated against ~300 bp of its unique 3' termi-
nus and should only silence the AaegPTEN3 splice variant. AaegPTEN6 dsRNA was generated against the unique 18 bp coding 
sequence and ~300 bp of the 3' UTR and should only silence the AaegPTEN6 splice variant. dsRNA was also generated against 
~300 bp of DsRed as a control (not shown).BMC Physiology 2009, 9:15 http://www.biomedcentral.com/1472-6793/9/15
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iments, the larval and adult nutrition of mosquitoes was
controlled by rearing all mosquitoes under identical con-
ditions. However, we examined the effects of dsRNA injec-
tions only for the first gonotrophic cycle. It would be
interesting to analyze the effects of increased insulin sign-
aling on subsequent gonotrophic cycles and adult survi-
vorship. However, the transient nature of transcript
knockdown with dsRNA injections would make lifelong
studies impractical and necessitates the use of transgenic
mosquitoes which we are actively pursuing.
Both splice variant AaegPTEN3 and 6 had different pro-
tein expression patterns in various tissues of adult female
mosquitoes. AaegPTEN3 transcript is predominant in the
head and midgut, whereas, the protein was strongly
expressed in the head only. The abundance of AaegPTEN3
protein in the head is consistent with the transcript
expression but the protein was only expressed at low lev-
els in the midgut. AaegPTEN6 transcript is predominant
in the ovary and fat body. However, the protein was
expressed in all tissues examined. Invariable expression of
AaegPTEN6 could be due to its higher stability as a protein
since AaegPTEN6 transcript is expressed at low levels in all
the tissues. During developmental stages, AaegPTEN6
transcript is strongly expressed in early embryos and also
found at lower levels in all other immature stages. We
found AaegPTEN6 protein in early embryos but not in lar-
val stages. This supports the notion of Riehle and Brown
[23] that AaegPTEN6 may play a role in early embryogen-
esis. During larval stages, there is a possibility that other
AaegPTEN splice variants play a role in development.
The protein expression pattern of AaegPTEN6 in ovaries
during a reproductive cycle closely resembles the expres-
sion patterns for other components of the IIS cascade such
as the mosquito insulin receptor (MIR) [8] and AaegP110
[27]. The physiological events taking place in the ovary
during a reproductive cycle correlate with the expression
dynamics of the proteins involved in the IIS cascade. Dur-
ing the first 12 – 24 h post-bloodmeal, follicle cells sur-
rounding the developing oocytes produce ecdysteroids
that stimulates yolk protein synthesis in the fat body
Knockdown of AaegPTEN6 in the abdomen/fat body and ovary Figure 4
Knockdown of AaegPTEN6 in the abdomen/fat body and ovary: Female mosquitoes (48 h post eclosion) were 
injected with 2 μg of dsRNA (0.5 μl of a 4 μg/μl solution). Injected mosquitoes were allowed to recover for 48 h before being 
mated with male mosquitoes and provided with a bloodmeal. At 48 h post-bloodmeal (96 h post-injection) we generated 
cDNA from the total RNA of abdomens/fat body and ovaries to assess the transcript knockdown after specific dsRNA injec-
tions. qRT-PCR was performed using primers specific to AaegPTEN6 and actin as a control. Abdomens/fat body injected with 
universal AaegPTEN dsRNA had a 90% reduction in AaegPTEN6 transcript, while those injected with AaegPTEN6 specific 
dsRNA had a 98% reduction in AaegPTEN6 transcript. Similarily, ovaries injected with universal AaegPTEN dsRNA had a 51% 
reduction in AaegPTEN6 transcript, while those injected with AaegPTEN6 specific dsRNA had a 99% reduction in AaegPTEN6 
transcript relative to control mosquitoes injected with DsRed dsRNA. Different letters indicate a significant difference 
between samples.BMC Physiology 2009, 9:15 http://www.biomedcentral.com/1472-6793/9/15
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(vitellogenesis). After ~24 h the follicle cells switch roles
from steroid production to eggshell synthesis. Insulin sig-
naling is not involved in the eggshell formation and thus
components of the IIS cascade, including AaegPTEN6, are
not expressed during this time. However, after oviposition
(~72 h post bloodmeal) the expression of AaegPTEN6 and
other components of the IIS cascade is restored in the new
primary follicle in preparation for next reproductive cycle
[8,27].
The differential expression pattern of AaegPTEN3 and 6
raises the possibility of each splice variant affecting partic-
ular phenotypes. Although AaegPTEN6 protein is
expressed in all tissues, its distinctive expression in the
ovaries and fat body during a reproductive cycle suggests
a significant effect on mosquito fecundity. Conversely, the
AaegPTEN3 protein is predominantly present in the head
and expressed uniformly during a reproductive cycle, sug-
gesting a possible role in the IIS cascade's other physiolog-
ical roles such as aging. The location of AaegPTEN3 inside
the head is unknown. Inefficient knockdown of
AaegPTEN3 in the head suggest that it is localized in the
nervous tissue and not the pericerebral fatbody, since
nervous tissue is more resistant to RNAi [36].
Identification of AaegPTEN6 as a direct regulator of egg
production may enable us to directly target the reproduc-
tive success of mosquitoes. Reproduction is one consider-
ation when determining the efficiency of vector-borne
disease transmission [37]. Therefore, a direct target of
mosquito reproduction could be an advantageous new
tool to augment present control strategies. Since resistance
The effect of AaegPTEN knockdown on egg development Figure 5
The effect of AaegPTEN knockdown on egg development: Newly eclosed Ae. aegypti were injected with 1.4 μg of 
dsRNA and allowed to recover for 48 h prior to blood feeding. A. Representative ovaries (24 h post bloodmeal) dissected 
from mosquitoes injected with dsRNA against AaegPTEN or DsRed (Control). B. Mosquitoes inoculated with AaegPTEN 
dsRNA produced significantly (* p = 0.0028) more mature follicles (106/ovary pair; n = 17) than the DsRed controls (74/ovary 
pair; n = 9). There was no significant difference in average follicle size (p = 0.31).BMC Physiology 2009, 9:15 http://www.biomedcentral.com/1472-6793/9/15
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to insecticides, the most frequently used weapon against
vector-borne diseases is increasing, our findings present
AaegPTEN6 as a promising target against a range of mos-
quito-borne diseases.
Conclusion
Insulin signaling regulates a diverse range of physiological
processes, including reproduction. It has been shown that
disruption of the IIS cascade can, in some cases, lead to
reduced egg production or sterility. However, increased
reproduction due to enhanced insulin signaling has not
been previously observed. In this paper we demonstrate
that manipulation of the IIS cascade can result in a
marked increase in egg production during the mosquito's
first reproductive cycle. This was accomplished through
the knockdown of an IIS inhibitor, AaegPTEN, in two key
reproductive tissues, the ovary and fat body. Increases in
egg production of up to 63% were observed when all
AaegPTEN splice variants were disrupted or specifically
the AaegPTEN6 splice variant.
Methods
1. Mosquito Rearing
The Aedes aegypti mosquitoes were reared at 27°C and
75% relative humidity in a 16/8 h light/dark photoperiod.
Larvae were fed a mixture of ground rabbit chow : lactal-
bumin : brewer yeast (1 : 1 : 1). Adults were provided with
a 10% dextrose solution ad libitum via a wick. Females
Effects of RNAi-mediated knockdown of AaegPTEN and PTEN 6 on egg production and viability Figure 6
Effects of RNAi-mediated knockdown of AaegPTEN and PTEN 6 on egg production and viability: A. Female 
mosquitoes injected with AaegPTEN dsRNA laid significantly more eggs than control females injected with DsRed dsRNA. 
AaegPTEN6 dsRNA injected females also laid significantly higher number of eggs than DsRed control females. B. There was no 
significant difference in the viability of eggs laid by AaegPTEN or AaegPTEN6 dsRNA injected females and DsRed control 
females. C. Data from 4 different trials of RNAi Experiments. Solid highlights represent DsRed controls compared to 
AaegPTEN. Textured highlights represent the DsRed control compared to AaegPTEN6. Mean number of eggs and % larvae 
hatched from different trials is shown in the bar graphs. Bars followed by different letter are significantly different. The error 
bars represent standard error. The asterisk represents significant difference from the control group.BMC Physiology 2009, 9:15 http://www.biomedcentral.com/1472-6793/9/15
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were fed on porcine blood with 0.038% sodium citrate
added as a preservative. Blood feeding was performed
using artificial membranes with membrane feeders
attached to a circulating water bath maintained at 37°C.
2. Splice variant specific antibodies generation
We generated peptide-based polyclonal antibodies
against the C-terminus of the AaegPTEN3 and 6 splice var-
iants. Since only the C-terminal amino acids are different
for each variant we had limited options for antibody selec-
tion. AaegPTEN3 has a 101 amino acid tail providing us
with some flexibility. We selected an 18 amino acid pep-
tide (VNSPAESLVRYRLLSEPE) predicted to be highly anti-
genic on the unique C-terminal tail of AaegPTEN3. In
contrast, AaegPTEN6 has only six unique amino acids.
Thus, we generated a ten amino acid peptide (GWDSGE-
STYL), including four amino acids (GWDS) common to
all three variants. The peptides were conjugated to KLH
and injected into two rabbits by Proteintech Group, Inc.
Neat serum from both rabbits injected with AaegPTEN6
worked extremely well on mosquito tissue samples. The
AaegPTEN3 serum recognized several non-specific bands
on mosquito samples and was therefore affinity purified
with nickel-chelating resin (Aminolink Plus, Pierce) and
the peptide used to generate the AaegPTEN3 antibody.
Affinity purification resulted in a marked increase in spe-
cificity.
3. Protein extraction and immunoblot analysis
Immunoblot analysis was performed to assess the protein
expression pattern of AaegPTEN3 and 6. Protein extracts
were prepared from early eggs (0–6 h post oviposition),
late eggs (> 48 h post oviposition), 2nd instar larvae, 4th
instar larvae, early pupae (0–4 h post pupation), late
pupae (48 h post pupation) and 3–5 day old adult males
and adult females. Adult females were further separated
by tissue type into head, midgut, fat body/abdominal
body wall and ovary samples. To assess protein expression
during a reproductive cycle, female mosquitoes were
bloodfed and tissue samples were collected at various
time points (0 (non-fed), 3, 6, 12, 24, 36, 48, and 72 hr
(post oviposition)) from fully engorged females. Tissues
from 5–10 mosquitoes were collected into 50 ul of 10×
Complete protease Inhibitor (PI; Roche Diagnostics) in
Aedes saline (125 mM NaCl, 5 mM KCl, 1.85 mM CaCl2,
pH adjusted to 6.5 using NaOH). Protein extraction was
facilitated by homogenizing the samples with a pestle in
4× loading buffer, (200 mMTris (adjusted to pH 6.8),
10% SDS, 50% glycerol, 400 mM DTT, 0.1% Coomassie
Blue, in deionized water). After tissue disruption, the sam-
ples were boiled for 10 minutes at 95°C and then chilled
on ice for 5 minutes. One to two tissues equivalents were
loaded on to a 12% SDS-Page gel (Pierce or ISC BioEx-
press) and size fractionated. The proteins were transferred
to a PVDF membrane (Whatman) and blocked with 5%
low-fat dried milk in TBS and 0.1% Tween20 (TBST) over-
night at 4°C with gentle rocking. Primary antibodies were
diluted in fresh blocking solution (AaegPTEN3 1:1000
dilution; AaegPTEN6 1:25,000 dilution) and incubated at
room temperature (RT) for 2 h. The blot was subsequently
washed 3× for 30 minute at RT with TBST followed by
incubation with an anti-mouse-HRP secondary antibody
(400 μg/ml dilution in TBST; Pierce, Rockford, IL) for 2 h
at RT. The blot was again washed 3× with TBST for 30
minute at RT followed by chemiluminescent detection
(Pierce Super-Signal dura) on HyBlot CL autoradiography
film (Denville Scientific). As a loading control, primary
antibody against glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) was used. GAPDH was diluted in 5% BSA
in TBST (1:10,000 dilution) and incubated at RT for 2 h
followed by subsequent steps as described above.
4. RNAi-mediated knockdown Experiments
Double stranded RNA (dsRNA) was generated against
both AaegPTEN3 and 6 splice variants, as well as a "uni-
versal" AaegPTEN dsRNA that recognized all six splice var-
iants (Figure 3). The AaegPTEN3 dsRNA was generated
against ~300 bp of its unique 3' terminus of the coding
region. AaegPTEN6 has only six unique amino acids,
therefore, AaegPTEN6 dsRNA was generated against ~300
bp of the unique 18 bp coding sequence and the 3' UTR.
The pGEM-T Easy vectors (Promega) containing
AaegPTEN, AaegPTEN3 and 6 sequences were used as
templates for dsRNA production. To facilitate in vitro tran-
scription, PCR amplification was performed to attach a T7
promoter sequence (TAATACGACTCACTATAGGG) to the
5' and 3' end of the target sequences. The PCR product was
purified (Invitrogen PCR cleanup kit) and used in combi-
nation with the RiboMAX Large Scale RNA Production
System (Promega) to generate sense and anti-sense RNA
strands that were subsequently annealed together to gen-
erate the final dsRNA product. As a control, a similarly
sized dsRNA fragment was generated against the red fluo-
rescent protein, DsRed. The dsRNAs were concentrated to
4 μg/μl using a speedVac.
Virgin female mosquitoes (48 h post eclosion) were
injected with 2 μg of dsRNA (0.5 μl of a 4 μg/μl solution).
The injected mosquitoes recovered for 48 h in a humid
chamber, were mated with male mosquitoes and pro-
vided with a bloodmeal. At 24 h post bloodmeal, ovaries
were dissected to examine egg development. At 48 h post
bloodmeal we dissected ovaries, counted the number of
developed follicles and measured the size of individual
follicles with an ocular micrometer on a stereo micro-
scope set at 40×. Also, at 48 h post bloodmeal we dis-
sected tissues from a subset of the females to look at
transcript knockdown relative to DsRed controls. To
assess the transcript knockdown, total RNA (Qiagen) was
extracted from the dissected tissues (head, abdomen, mid-BMC Physiology 2009, 9:15 http://www.biomedcentral.com/1472-6793/9/15
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gut and ovary) of ten dsRNA injected females. Total RNA
(1 μg) was used to make cDNA (Applied Biosystems) that
then served as template for qRT-PCR (ABI Real-Time PCR)
using primers specific to AaegPTEN3, AaegPTEN6 and
actin as a control (Riehle and Brown, 2007). The qRT-PCR
experiments were replicated three times and each sample
tested in duplicate. Differences in normalized gene
expression levels were compared by Kruskal-Wallace test.
Due to small sample sizes, multiple pairwise comparisons
were conducted using the Conover-Inman method. After
other sample collections at 48 hr post bloodmeal, 15–20
females were individually provided with an oviposition
substrate to oviposit eggs. After a 3 day oviposition
period, the eggs were counted and compared to the DsRed
controls. To look at the affects of dsRNA injections on egg
viability, the eggs were dried on paper for ~24 h, hatched
and the total number of 2nd instar larvae was counted.
Because data did not conform to parametric assumptions,
they were analyzed using non-parametric methods. For 2-
group experiments (DsRed vs. PTEN3), data were ana-
lyzed by Mann-Whitney U test. For 3-group experiments
(DsRed vs. PTEN vs. PTEN6), data were analyzed by
Kruskal-Wallace test, using the Dwass-Steel-Critchlow-
Fligner method for multiple pairwise comparisons. Vari-
ances among trials were not significant (squared ranks
test, p > 0.05) and data were pooled for analysis.
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